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Qui ad Atene noi facciamo così. 
Qui il nostro governo favorisce i molti invece dei pochi: e per questo viene chiamato democrazia. 
Qui ad Atene noi facciamo così. 
Le leggi qui assicurano una giustizia eguale per tutti nelle loro dispute private, ma noi non ignoriamo 
mai i meriti dell’eccellenza. 
Quando un cittadino si distingue, allora esso sarà, a preferenza di altri, chiamato a servire lo Stato, ma 
non come un atto di privilegio, come una ricompensa al merito, e la povertà non costituisce un 
impedimento. 
Qui ad Atene noi facciamo così. 
La libertà di cui godiamo si estende anche alla vita quotidiana; noi non siamo sospettosi l’uno dell’altro e 
non infastidiamo mai il nostro prossimo se al nostro prossimo piace vivere a modo suo. 
Noi siamo liberi, liberi di vivere proprio come ci piace e tuttavia siamo sempre pronti a fronteggiare 
qualsiasi pericolo. 
Un cittadino ateniese non trascura i pubblici affari quando attende alle proprie faccende private, ma 
soprattutto non si occupa dei pubblici affari per risolvere le sue questioni private. 
Qui ad Atene noi facciamo così. 
Ci è stato insegnato di rispettare i magistrati, e ci è stato insegnato anche di rispettare le leggi e di non 
dimenticare mai che dobbiamo proteggere coloro che ricevono offesa. 
E ci è stato anche insegnato di rispettare quelle leggi non scritte che risiedono nell’universale sentimento 
di ciò che è giusto e di ciò che è buon senso. 
Qui ad Atene noi facciamo così. 
Un uomo che non si interessa allo Stato noi non lo consideriamo innocuo, ma inutile; e benchè in pochi 
siano in grado di dare vita ad una politica, beh tutti qui ad Atene siamo in grado di giudicarla. 
Noi non consideriamo la discussione come un ostacolo sulla via della democrazia. 
Noi crediamo che la felicità sia il frutto della libertà, ma la libertà sia solo il frutto del valore. 
Insomma, io proclamo che Atene è la scuola dell’Ellade e che ogni ateniese cresce sviluppando in sé una 
felice versalità, la fiducia in se stesso, la prontezza a fronteggiare qualsiasi situazione ed è per questo che 
la nostra città è aperta al mondo e noi non cacciamo mai uno straniero. 
Qui ad Atene noi facciamo così. 
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Chapter 1- Introduction and state of the art 
 
Introduction 
Bubble detachment under gravity force of different intensity and direction is encountered in many 
industrial applications, from electrical power plants based on Rankine - Hirn cycles to the two phase 
thermal management for space purposes. In particular, the interest is to predict bubble departure 
diameter and frequency from a heated wall in order to achieve an increasingly reliable comprehension 
of two-phase heat transfer. In space applications, the need to reduce size and weight of all thermal 
management systems (power generation, electronics cooling, cabin temperature control, waste 
management, and regenerative fuel cells) suggests to replace current single-phase cooling systems 
with two-phase ones. In fact, this technique can lead to order-of-magnitude enhancement in heat 
transfer coefficients, giving the possibility to reduce sensibly heat exchangers surface, size and 
weight. Heat transfer performance can be further improved with the application of an electric field 
(EF); it is particularly in space applications that this technique shows its relevance. It has been 
assessed also in terrestrial gravity environment that the application of EF enhances boiling heat 
transfer coefficient [2], [3], [4], [5], [6]; but the most interesting aspect is the possibility to act as a 
replacement of gravity where it lacks [7], [8]. A relevant part of the current activities in boiling heat 
transfer research focuses on the influence of a shear flow on bubble detachment from a heated surface. 
In these conditions, the bubble is subjected to a shear force, deforming the interface from its 
axisymmetric shape. Studying force balances, different models of bubble detachment in shear flow 
have been developed [9], [10], [11]. In general, in these models simplifying approximations of the 
relevant parameters have been adopted, like a spherical or hemispherical bubble shape and a constant 
contact angle. The more complicated components of force balances are surface tension, drag and lift 
forces. A situation similar to shear flow can be reproduced by tilting the detachment surface, in order 
to have a force component parallel to the surface, due to the buoyancy acting on the bubble. In these 
conditions, by injecting a controlled amount of gas from an orifice in the liquid, a static or slowly 
growing interface can be created, which can be more easily characterized and studied in controlled 
conditions. The results will help in clarifying the role of a transverse force on bubble detachment, and 
can be compared with existing models in order to check their validity. The experiment constitutes 
also a ground-based support to RUBI, an experiment developed by an ESA scientific team aimed to 
studying bubble detachment in microgravity under the action of different forces, which will be 
installed in the International Space Station in the near future. The contribution of the present work in 
RUBI experiment is the investigation of the coupled effects of transverse force and electric field on 
bubble departure. Once the shear effects modify the shape of the bubble, the electric field distribution 
is, in turn, altered and the way it acts over the bubble can promote or prevent bubble departure and 
successive trajectory. In the first part the present work is intended to investigate the effect of the 
electric field when the interface of the bubble is modified by the tangential component of gravity 
force. In the second part the attention goes on the effect of electric field in Micro-G condition and a 
research has been done on the possible use of the EF force as substitute of buoyancy. In the first 
results of experiments in microgravity, performed in geometry similar to that of RUBI and under the 
action of a shear flow, are presented in order to validate the proposed models. The first part of this 
work, which concerning the gas bubbles, has been done at the Engineering School of Pisa with the 
participation at the 60th parabolic flight campaign organized by ESA and NOVESPACE. The second 
part, which concerning the setup of RUBI apparatus and the study of flow boiling, has been done at 






 Force acting on a growing bubble at the wall 
 
Main Characteristic of electric Force in a Continuum  
The volumetric electric force acting in a continuum is given by (Landau, 1984) 
𝑓𝑒








2)     (1) 
where 𝜌𝐹 is the free electric charge density, E the electric field intensity, 𝜀0 the vacuum 
dielectricpermittivity, 𝜀𝑅 the relative electric permittivity and the subscript T the temperature. The 
first, second and third terms of RHS in the above equation represent the electrophoretic, 
dielectrophoretic and electrostrictive forces, respectively. It is worth noting that in a homogeneous 
medium the dielectrophoretic force acts just at the interfaces, where a gradient of electric permittivity 
is encountered. The term b is the so-called electrostriction coefficient, given by 





  (2) 
For fluids which have a very low electrical conductivity, like the one considered here, there is no free 
electric charge density in steady state and isothermal conditions, and the electrophoretic force in Eq 












2)     (3) 
where p is the pressure and g is the gravity acceleration. In the following, the choice is made (among 
the many available) to lump the electrostrictive force with mechanical pressure p into an irrotational 





2   (4) 
where the sign has been changed according to the standard assumption that pressure is positive when 
the medium is compressed, and to consider the dielectrophoretic force as the divergence of an electric 
stress tensor, named after Maxwell (Panofsky and Phillips, 1962) 




𝛿𝑖𝑘    (5) 
 
For the sake of completeness, it is worth mentioning that, alternatively, a “total” electric stress tensor, 
encompassing all the electric action in the medium, could be considered 





=  −∇(𝑝 + 𝑝𝑒𝑠) + μ∇
2𝐕 − 𝜌∇(𝑔𝑦) + ∇ ∙ 𝐓𝑒   (7) 
Eq (7) can be used to determine the pressure in a still and homogeneous fluid in the presence of EF, 
in the absence of free charge in the medium, where 𝑧 is the Cartesian coordinate directing downwards. 
∇(𝑝 + 𝑝𝑒𝑠 − 𝜌𝑔𝑧) = 0    (8) 
 
From which the mechanical pressure p is given as 




+ 𝑐𝑜𝑠𝑡    (9) 
Therefore, unless the coefficient 𝑏 is negative, the electrostriction increases the mechanical 
hydrostatic pressure in the medium. In the gas, no electrostrictive pressure term is present, as  
𝑏 = 0, and Eq (9) become the classic Stevin equation. Finally, for non-polar fluids, like the one 










(𝜀𝑅 − 1)(𝜀𝑅 + 2)
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      (10) 
 
Quasi-static momentum balance on a growing bubble under the action of an electric-field 
 
Consider a gas bubble growing slowly from a circular orifice, of diameter   𝐷0, on a flat surface    (see 
Figure 2.1), with an incidence angle  𝜗. In these conditions, it can be shown (Gerlach et al., 2005) 
that, if the bubble growth is sufficiently slow, the three-phase line joining the gas-liquid interface to 
the solid surface remains “pinned” to the orifice rim CL, as long as the incidence angle is larger than 
the static contact angle. Afterwards, the bubble spreads on the surface, keeping constant contact angle. 
For well-wetting fluids, like fluorocarbons, this occurs very late, or most frequently does not occur at 
all. If we neglect all the dynamic forces, the quasi-static momentum balance on a control volume 
surrounding the bubble, bounded by the liquid side of the vapor-liquid interface, S, and by the gas 
side of the orifice area A (see Fig.1) is written as 
∫ 𝜌𝑔𝑔 𝑑
𝑉




𝐧𝑑𝐴 + ∫(𝐓𝑒,𝑓 − 𝑝𝑒𝑠𝐈)
𝑆
∙ 𝐧𝑑𝑆 + ∫ 𝐓𝑒,𝑔
𝐴
∙ 𝐧𝑑𝐴 = 0 (11) 
Where, in particular, n and t are the normal outward and tangent (in the meridian plane) unit vectors, 
respectively, 𝜎 is the surface tension. The suffixes 𝑔, 𝑓 are referred to gas, liquid sides, respectively. 
The unit vector 𝐭𝑓𝑔 is oriented parallel to the gas-liquid interface at the three-phase contact line. The 
radial component of Eq (11) is self-balanced in axially symmetric problems; the integration of the 
vertical (𝑧) component gives 
𝐹𝑏 + 𝐹𝑝 + 𝐹𝜎 + 𝐹𝑒,𝑠 + 𝐹𝑒,𝑑 = 0    (12) 
where, considering a bubble growing upwards, the buoyancy, internal overpressure, surface tension 
and electric forces are given by 
 
𝐹𝑏 = 𝑘 ∙ [∫ 𝜌𝑔𝑔 𝑑𝑉 𝑉 − ∫ 𝑝𝑓𝐧𝑑𝑆𝑆 − ∫ 𝑝𝑔𝐴 𝐧𝑑𝐴] = 𝑉𝑏(𝜌𝑓 − 𝜌𝑔)𝑔  (13)  
 
𝐹𝜎 = ∫ 𝐤 ∙ 𝜎𝐭𝑓𝑔𝑑𝐿 = −𝜋𝐷0𝜎sin𝜗
𝐶𝐿
    (14) 
 
𝐹𝑝 = − ∫ 𝐤 ∙ (𝑝𝑔 − 𝑝𝑓,ℎ)
𝐴




(𝑝𝑔,𝑏 − 𝜌𝑓𝑔𝐻)    (15) 
 
𝐹𝑒,𝑠 = ∫𝐤 ∙ (𝐓𝑒,𝑓 − 𝑝𝑒𝑠𝐈)
𝑆
∙ 𝐧𝑑𝑆   (16) 
 
𝐹𝑒,𝑑 = ∫ 𝐓𝑒,𝑔
𝐴
∙ 𝐧𝑑𝐴   (17) 
In particular, it can be noted that the pressure in the fluid has been set to 0 at bubble apex and the 
hydrostatic pressure at the bubble base, 𝑝𝑓, ℎ =  𝜌𝑓 𝑔 𝐻, has been added in Eq (13) to express the 
buoyancy force in the traditional form for a fully immersed body. The same term has then to be 




(Figure 1.1: Sketch of the bubble) 
Eq (12) shows that, during quasi-static growth, bubble equilibrium is determined by buoyancy, excess 
of internal pressure, surface tension at the bubble neck, and electric force. This balance must hold at 
any stage of bubble growth, by means of an adjustment of the incidence angle 𝜗 at the orifice rim, 
and the bubble detachment will occur when, further to a volume increase, it is no longer possible to 





< 1   (18) 
where u0 is the average gas velocity across the orifice. 
Momentum Balance across a curved gas-liquid interface subjected to electric forces 
The local equation for interface equilibrium can be obtained as (Panton, 2005; Di Marco, 2012) 
𝑚"(𝐮𝑓 − 𝐮𝑔) = 𝐧𝑓(𝑝𝑔 − 𝑝𝑓) + 𝐧𝑓(𝐓𝑣,𝑓 − 𝐓𝑒,𝑔) − ∇𝑠𝜎 − 2𝜎𝐾𝐧𝑓  (19) 
where the terms represent (from left to right) the recoil force, the pressure difference, the viscous 
stress, theelectric stress, the Marangoni force and the capillary force, and 𝑚” is the mass velocity. The 
symbols ∇𝑠stands for the gradient taken along the interface. 𝐧𝑓 is the normal unit vector, directed 
towards the liquid side. Eq (19) includes static and dynamic actions. From now on, attention will be 
focused on quasi static, adiabatic and isothermal bubble-growth, that is mass flow, viscous terms and 
surface tension gradient will be discounted. The component of Eq (19) in the direction normal to the 
interface, becomes 
 
(𝑝𝑔 − 𝑝𝑓) + 𝐧𝑓 ∙ (𝐓𝑒,𝑔 − 𝐓𝑒,𝑓) ∙ 𝐧𝑓 = 𝜎𝜅   (20) 
this can be considered an extension of the celebrated Laplace-Young equation, accounting for electric 
forces. The dielectrophoretic term is given by 





2)] = ∆𝑓𝑒,𝑛   (21) 
where the subscripts, n and t, denote the components normal and tangential to the interface, 
respectively. The extended Laplace-Young equation at bubble top reads 
(𝑝𝑔 − 𝑝𝑓) + ∆𝑓𝑒,𝑛,0 = 𝜎𝜅0   (22) 
and subtracting Eq (20) from Eq (22), considering Eq (9) and that y is set at 0 at the bubble top 
(𝑝𝑔 − 𝑝𝑔,0) − (𝑝𝑓 − 𝑝𝑓,0) + (∆𝑓𝑒,𝑛 − ∆𝑓𝑒,𝑛,0) = 𝜎(𝜅 − 𝜅0)  (23) 
 





2) + (∆𝑓𝑒,𝑛 − ∆𝑓𝑒,𝑛,0) = 𝜎(𝜅 − 𝜅0)  (24) 
 
Eq (24), can be considered an extension of the capillary equation to include electric forces (Di Marco, 
2012). It shows that the gravitational head and the electric stress are responsible of deviation of the 
bubble from spherical shape. In fact, in the absence of electric field and in microgravity, bubbles grow 
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as perfect spheres (Di Marco et al., 2003). In the absence of electric field, Eq (24) reduces to the 
classical capillary equation and it shows that the curvature decreases linearly from bubble top. When 
the electric field is present, Eq (24) requires to solve electric field distribution at the same time, and, 
to the authors’ knowledge, no general solution has been found so far. It can be noted that a non-
uniform electric stress along the interface is necessary to alter its shape; the non-uniformity can be 
created by the presence of the bubble itself inside an originally uniform electric field. 
Finally, the expression of the total electric stress across the interface is given by 
        
 ∆𝑓𝑖𝑛𝑡 = (∆𝑓𝑒,𝑛 − ∆𝑓𝑒,𝑛,0) 












2)   (25) 
 
Momentum Balance without Electric Field 
 
Neglecting the electric field the momentum balance becomes 
𝐹𝑏 + 𝐹𝜎 + 𝐹𝑝 = 0  (26) 










) − 𝜌𝑓𝑔𝐿] 𝐣 − 𝑉𝑏(𝜌𝑓 − 𝜌𝑔)𝐠 = ∮ 𝜎𝐭𝑓𝑔
𝐶𝐿
𝑑𝑠   (27) 
Where 𝑅1 and 𝑅2 are the curvatures at bubble top, and the local value of contact angle 𝜗 has to be 
considered in the first term of RHS. Projecting the components along local coordinates x (parallel to 
the surface) and y (perpendicular to the surface), the expressions of vertical and tangential forces are 
obtained, as reported in Table 1. In particular, the surface tension term has been calculated assuming 
a linear trend (from 𝛽𝑚𝑎𝑥 to  𝛽𝑚𝑖𝑛) of the contact angle versus the polar coordinate along the 
circumference of the orifice (see Figure 1.2) 
The force balance without electric field is verified first against the experimental data. Once it has been 
assessed, the electric contribution is calculated by algebraic sum of the other forces. 
 
Table 1 Force components 
 
 X component (tangential) Y component (perpendicular) 
Buoyancy Vb(ρf − ρg)gsinϑ Vb(ρf − ρg)gcosϑ 









) − ρfgL] 
Surface Tension πDor
βmax − βmin
π2 − (βmax − βmin)2
(sinβmax − sinβmin) 
𝜋𝐷_𝑜𝑟 (𝑐𝑜𝑠 (𝛽𝑚𝑎𝑥) − 𝑐𝑜𝑠 (𝛽𝑚𝑖𝑛))





        
( Figure 1.2: a) Control volume for force calculation b) Conctact angle variation vs. polar coordinate ) 
Momentum Balance for symmetric Bubble without EF  
 
Neglecting the electric field the momentum balance becomes 
𝐹𝑏 + 𝐹𝜎 + 𝐹𝑝 = 0  (28) 
and the integration gives for the vertical direction 
𝐹𝑏 = Vb(ρf − ρg)   (29)  







) − ( ρf −  ρg )gH]  (30)  
𝐹𝜎 = −𝜋𝐷𝑜𝑟𝜎 sin(𝜗)    (31)  
instead for the radial direction 
𝐹𝑝 = ∫ ∫ (𝑝𝑔(𝑦) − 𝑝𝑓(𝑦)
𝑟(𝑦)
0




𝐹𝜎 = 𝜎𝐿𝑑𝜑 + 𝜎 cos(𝜗) 𝑟𝑑𝜑  (33)  
      
















The overall mechanical balance without electric field it has been presented and validated for spreading 
droplets and has been adapted to study bubble evolution. The phenomena and their contribution to the 
change in the energy of the bubble are listed below 
 Inlet contribution; this term is mainly due to pressure developed by the injection system, the 











)   (34) 
 Surface potential energy; this term is very effective, it is due to the surface tension energy of 




  (35) 
 Gravitational potential energy; this term is due to change of height of the center of gravity. It 
will be labelled as 𝑃𝑔𝑟𝑎𝑣. 






)   (36) 
Finally, the overall energy balance in the absence of EF reads as follows: 
𝑃𝑖𝑛𝑙𝑒𝑡 + 𝑃𝑠𝑢𝑟𝑓 + 𝑃𝑔𝑟𝑎𝑣 = 0   (37) 
 
Momentum balance on a growing bubble under the action of a shear flow 
 
Let us consider the growth of one bubble on its nucleation site (Figure.1.4). At the early stage during 
the inertial growth, it is hemispherical. Then its shape becomes close to a truncated sphere and more 
spherical just before lift-off. The bubble can leave its nucleation site by sliding along the wall (bubble 
detachment) before departing perpendicularly to the wall (liftoff). The bubble can also directly lift-









(Figure 1.4 Force Balance applied on a vertical heated wall in upward flow) 
 
where 𝑉𝐵, 𝑆𝐵, 𝑆𝑓 𝑈𝐵, 𝐹𝐶, 𝑝, 𝛕𝐿, 𝐧 are the bubble volume, the bubble surface in contact with the liquid, 
the surface of the bubble foot in contact with the wall, the velocity vector of the bubble center of 
gravity, the capillary force acting at the triple contact line, the pressure, the viscous stress tensor, the 
vector normal to the bubble surface, respectively. The subscripts l and g are used for liquid and gas. 
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By introducing the pressure in the liquid at the wall 𝑝𝑐 and neglecting the bubble acceleration equation 
(38) can also be written: 
𝐹𝑏 + 𝐹𝜎 + 𝐹𝑝 − ∫ (𝑝𝑙 − 𝑝𝑐)𝐧𝑑𝑆
𝑆𝐵
+ ∫ 𝛕𝑙 ∙ 𝐧𝑑𝑆 = 0   (39)
𝑆𝐵
 
The 3 first terms are the static forces (Eqs. 13, 14, 15) and the two last ones the hydrodynamic forces 
due to the bubble growth and the fluid motion. The two last terms of equation (33) can be splitted into 
3 contributions: the inertia or added mass force 𝑭𝑰, the drag force 𝑭𝒅, including history effects acting 















)) 𝐞𝐲  (40) 
The first term of equation (40) is the force exerted by the outer flow on the volume occupied by the 
bubble and the second and third terms called added mass force are due to the acceleration induced in 
the liquid by the bubble motion and growth, where 𝑼𝐵, 𝑼𝑙, 𝐶𝐴𝑀𝑖, 𝑅, 𝑑𝑅 𝑑𝑡⁄  are the velocity vectors of 
the bubble center and of the undisturbed ambient liquid velocity at the bubble center, the added mass 





;  𝐶𝐴𝑀2 =
1
4
 ; 𝐶𝐴𝑀3 =
3
2
   with  𝜗𝐵 =
2
3
𝜋𝑅3     (41) 
 
For the general shape of a truncated sphere in contact with a wall approximated values of the added 
mass coefficients can be derived from the potential flow theory. For a spherical bubble in contact with 
the wall, the added mass coefficients are equal to 
 
𝐶𝐴𝑀1𝑥 = 0.636; 𝐶𝐴𝑀2𝑦 = 0.784; 𝐶𝐴𝑀2 = 𝐶𝐴𝑀3 = −
1
2
;    with  𝜗𝐵 =
4
3
𝜋𝑅3    (42) 
The drag force acting on a bubble at low bubble Reynolds number, 𝑅𝑒𝐵 =
2𝑅|𝑼−𝑽|
𝑣𝐿
≪ 1, where 𝑼 is 
liquid velocity and 𝑽 the bubble velocity , Magnaudet et al. [18] give the expression of drag 























𝐞𝑦}       
(43) 
where 𝑢𝑙 is the liquid velocity, 𝑆  the shear rate (costant), 𝑽 = 𝑢𝑏𝐞𝑥 + 𝑣𝑏𝐞𝑦 the bubble velocity. This 
expresion is valid for 𝑅𝑒𝐵 ≪ 1 and for 𝜅 =
𝑅
𝑧
< 1, where 𝑧 is the distance of the bubble center to the 
wall. The drag force acting on a bubble is even expressed versus a drag coefficient 𝐶𝐷  and the projected 





2𝐶𝐷|𝑼𝐿 − 𝑼𝐵|   (44)   
the drag coefficient can be expressed in function of the Reynolds number 𝑅𝑒𝐵 in which the relative 









0.5)   (45) 
with 𝑅𝑒𝐵 < 100 and 𝑆 < 1. 
The shear lift force is given by the following: 




2𝐶𝐿(𝑈𝐿 − 𝑈𝐵 )
2𝐞𝑦   (46) 
where the shear lift coefficient is 
13 
 
𝐶𝐿(𝑅𝑒𝐵, 𝑆) = [(𝐶𝐿(𝑅𝑒𝐵, 𝑆)

































−1     (49) 
In the expressions of the drag and lift forces, the liquid velocity 𝑈𝐿 is the mean liquid velocity 
unperturbed by the bubble presence. Summarizing, the expression of vertical and tangential forces 
are reported in Table 2. 
 
Table 2 Force components 
 
 
 X component (tangential) Y component (perpendicular) 
Buoyancy                none Vb(ρf − ρg)g 






































































Lift Force              none 1
2
 ρLπR









Chapter 2 -  Materials and Methods 
 
In this chapter it has been described both the experimental apparatus used during two different 
parabolic flight, the first presented is the injection bubbles apparatus developed and owned by 
University of Pisa and the second is the shear flow experimental apparatus developed and owned by 
University of Toulouse. Moreover it has been done a short presentation of parabolic flight to 
understand what happen during the flight. Finally it has been presented an overview on MATLAB 
analitical method used in the present work. 
  2.1  Electric Field Experiments 
 
Inclined injection experiment setup for gas bubbles 
 
The core of the experiment  consists in a bubble generator, comprising a flat stainless steel plate with 
a circular orifice of 0.6 and 0.4 mm internal diameter. The orifice was fed with nitrogen by means of 
a gas flowrate controller (Bronkhorst F-200). In this way, continuous trains of detaching bubbles, or 
individual bubbles growing very slowly can be generated. The internal configuration of the cell makes 
it possible to orient the bubble generator both upwards and downwards. The cell is provided with four 
Lexan windows on its sides to allow high-speed image recording and illumination. The bubble 
generator was hosted inside an aluminum box (volume: about 0.7 L, see Figure 2.1.2) filled with FC-
72 at atmospheric pressure, which could be tilted at any angle, in order to make it possible to study 
bubble detachment from a horizontal to a vertical surface (see Figure 2.1.2). A K-thermocouple 
measured the fluid temperature, in order to get accurate values of its physical properties. Furthermore, 
an electric potential up to 25 kV could be applied to a washer-shaped electrode (10x4 mm, 1.5 mm 
thickness), located 6 mm above the plate and centered with the orifice axis (see Figure 2.1.1 a), in 
order to investigate the effect of the application of an electric force on bubble growth and detachment. 
Images of the growing and detaching bubble were taken by means of either a conventional or a high-
speed camera (Redlake MotionPro Y3). A spatial resolution from 115 to 125 pixel/mm was achieved, 
depending on the optical arrangement. Since the interface is asymmetrical, a dedicated mirror system 
has been developed in order to acquire in the same frame two contemporary images of the interface 
from different points of view at 90° (see Figure 2.1.3). Conversely, in the flow boiling experiment of 
University of Toulouse described later, bubble images are taken uniquely from one side. The 
acquisition of images in the same frame avoided the necessity to synchronize frames acquired by 




















(Figure 2.1.3: Image Acquisition Apparatus) 
 




Micro-gravity injection bubble experiment setup  
 
The bubble generator, the test cell and the images acquisition system are the same of the Inclined 
Injection Bubble Experiment, but they are enclosed in the secondary containment. The injected gas is 
collected in the upper cone of the test cell and, when the collected volume interferes with experiment 
operation, is vented through an electrovalve. To provide elasticity to the system, the cell is connected 
to an expansion volume (about 0.5 L) provided with an elastic membrane facing a gas volume where 
the pressure is controlled by s system of venting and injection valves. The cell was operated at a 
pressure close to the atmospheric, approximately 100 kPa, while the ambient pressure was reduced 
due to aircraft environment at around 80 kPa. The set of measurements is completed by a tri-axial 
accelerometer, two K-thermocouple for fluid and ambient temperature and three absolute pressure 
transducers. An electric potential up to 25 kV dc could be applied to a washer-shaped electrode (10x4 
mm, 1 mm thickness), located 6 mm above the plate and centered with the orifice axis. Images of the 
growing and detaching bubble were taken at 500 Hz by means of a high-speed camera (Redlake 
MotionPro Y3) equipped with a microscopic lens allowing for a spatial resolution of 115 pixel/mm 





(Figure 2.1.5: a) Micro-Gravity Schematic Setup b) Installed Experimet) 
Gas System. 
A gas cylinder, volume 1 L, filled with Nitrogen at 5 bar g, is secured at the bottom of the rack. 
Immediately downstream the cylinder, a pressure reducer, manually controlled, lowers pressure to 3 
bar g. Having passed a one- way- valve, posed upstream the containment, Nitrogen enters the 
containment structure and passes through a Flow Controller, operated by computer. Finally it enters 
the bubble generator in the test cell, flowing as bubbles in the fluid pool. Nitrogen is collected in the 
cell dome when gravity is present, and eventually vented into the secondary containment by means 





(Figure 2.1.6 – Gas flow system) 
 
Fluid System.  
The fluid cell is an aluminum box with Lexan windows and top cover. It is provided with a safety 
valve and a vent electro valve, operated by operator 1, to vent into the secondary containment the 
Nitrogen that collects in cell dome during normal gravity phases. Pressure and temperature inside the 
cell are monitored by dedicated sensors, connected to the data acquisition system and external dials. 
The cell is connected to a pressurizer, where the fluid is separated by a rubber membrane from air; 
the gas side of the pressurizer is inflated at atmospheric pressure before the flight and sealed; in this 
way, an absolute pressure close to the ground atmospheric one is kept in the test cell throughout all 
the experiment. The total volume of FC-72 contained in the cell is lower than 0.8 L. In case the vent 
electro valve stucks open, the internal pressure of the cell falls to the cabin pressure and the amount 
of released liquid, due to the dilatation of the gas volume in the pressurizer, is less than 0.09 liters. 
 
 






The test set-up consists of a single rack, hosting the experiment equipment, the auxiliary systems, the 



















Figure 2.1.9 – View of the test set-up   
Secondary Containment with test cell 
High-speed Camera 
Gas Bottle & pressure reducer 
Data conditioners 





































The bottom of removable rack is fixed to the main rack by means of aluminum L-profiles. The rack 
consists of an aluminum frame (made with F-20 profiles) covered by polycarbonate sheets, sealed 
with silicone. This part of the rack is tightened to the bottom plate with a flange to be disassembled 
on ground for refurbishment. The bottom part of the rack consists of an aluminum plate fixed on S-
40 profiles. The top cover is hinged on one side and can be opened during flight to access camera 
focus; sealing is ensured by a soft rubber gasket and clasp fasteners. The HV power supply is fixed 
over the aluminum plate, inside the containment. Electrical pass-throughs are made with leak-tight 
glands. 
Mass of removable rack = 35 kg (estimated) 
Internal volume of containment = 100 L = 100000 cm3 






     
 
 
                      Figure 2.1.11 – Removable rack 
 





Gas Flow Controller 
Optical Set Up 









All the equipment are installed in two racks (1: 800x1500 and 2: 800x800). Four side faces and the 
top face of rack 1 are covered by Lexan walls so that the inner space is a confined space of no liquid 
leakage. Rack 1 is used to install the main part of the hydraulic circuit and rack 2 to install the 
electronic devices and the scientific measurement (see Figure 2.2.2) 
 
(Figure 2.2.1 Functional Diagram) 
Hydraulic system: The experiment consists in a hydraulic circuit where a refrigerant liquid (HFE-
7000) is first pumped, then heated to its saturation temperature. Then, in the channel, the bubble 
generator releases enough power to generate bubbles. 
 
Conditioning system: Almost all the parameters of the hydraulic system (flow rate, heater power, 
Peltier coolers etc.) can be adjusted via a PID. These parameters are set by several components and 
may be changed manually (heater, pump) via those PID whereas the power of the bubble generator 
may be regulated and kept constant by an anemometer- like electric circuit, which keeps the electrical 
resistance of the heater ( and thus its temperature) constant. 
 
Measurement and acquisition system: The measurement system is composed of several sensors 
(thermocouple, pressure etc.) and also two high speed cameras. Data acquisition may be done thanks 
to a laptop, a computer and an acquisition system. 
 
Power supply system: Concerning power supplying, we may use the 220V AC available in the plane 
for laptop, high speed cameras, black-light and the data acquisition system. The 220V AC may also 




Rack system: The experiment is installed on two racks which one is fixed over a large aluminum base 
plate. The first one is sealed by a containment made up of Lexan walls and may be dedicated for the 
experiment. The second one may contain laptop, screen and data acquisition system on the first shelf 
and other components which are not used directly by the experimenters (computer). 
We will describe more precisely each system in the next part.  
 
  
(Figure 2.2.2 Hydraulic & Electronic Rack) 
System 1: Hydraulic system 
  The Channel is composed of two cells: RUBI + BIOMAN (see Figure 2.2.3): Experiments on vapor 
bubbles are performed in an isolated rectangular channel made of aluminum of cross section 40 mm 
wide, 5.69 mm high and 620 mm long (BIOMAN)+RUBI. The aspect ratio of 7 is large enough to 
obtain a two-dimensional flow in the central part of the channel where bubbles are created. RUBI is 
located just after BIOMAN. The channel (BIOMAN+RUBI) is inserted in a hydraulic circuit shown 
in figure 2.2.3 with the inlet and outlet parts made of stainless steel. The total length of the assembled 
channel is around 1250 mm. Both test cells are installed and filled with HFE 7000 but only one is 
used during flight. The tubes are those of Swagelok. They are stainless steel tubes (ref. # SS-T12M-
S-1.0M, inner diameter 10 mm, outer diameter 12 mm) and Nitrile rubber flexible tubes (ref. # PB-8, 
inner diameter 12,7 mm).  Their maximum working pressures are much higher than that of the present 
experiment (for the stainless steel tubes, 20 MPa; for the flexible tubes, 2.06 MPa at 20 °C). A 
diverging, converging section equipped with a honeycomb is placed at the inlet of the channel to 
avoid recirculation and large instabilities. The channel is connected at its outlet to a tank of 2 L for 





(Figure 2.2.3: Rectangular Duct+RUBI) 
 
 
The hydraulic section is hydraulic circuits of total length around 3000 mm. They are installed in 
spaces sealed by Lexan® walls. In the circuits, a refrigerant of low boiling point (HFE-7000, boiling 
point Tsat=34°C at 1 bar) is pumped, under low-pressure (0.1-0.2 MPa) and nearly saturated 
temperature conditions (liquid temperature TL~34 °C at 0,1 MPa; TL~55 °C at 0.2 MPa).  The pump 
is a gear pump driven by magnetic force of IWAKI PUMPS (Ref. # MDG-R15 C). It is capable to 
pump liquid of a temperature between 0 and 95 °C.  The rate of pumped liquid quantity is varied by 
the variation of the rate of gear rotation, which is controlled by an inverter (HITACHI L200).  The 
maximum flow rate of the pump is 12.5 l/min. Different fittings of Swagelok are used for the 
couplings in the hydraulic circuits. They have their working pressure at 10 MPa at least. A Coriolis 
flowmeter (Micro Motion Serie R) located between the pump and the inlet of the channel connected 
to an acquisition unit (NI SCXI-1600) measures the flow rate. The volume VHS of the whole liquid in 
the main and sub hydraulic circuits is estimated as follows: 
VHS = (Liquid in the channel) + (Liquid in the tubes) + (Liquid in the pump) + (Liquid in the 
Bellow) 
The first term is the sum of the volume of the aluminum channel, that of the Lexan channel and that 
of the inlet and outlet parts : 5×40×600 mm3 +5×40×150 mm3 +260,000 mm3 = 410000 mm3 = 0.41 
l . The second term is around 0.4L, where the total length of the tubes is supposed around 2000 mm. 
The third tem is roughly estimated to be 0.2 l.  Hence, VHS = 0.41+0.4L+0.2 +1.5= 2.5 l. 
 





We are going to explain precisely the long way made by HFE-7000 inside the circuit (see Figure 
2.3.4). The gear pump put in motion the fluid. Then, the fluid enters in the heater (0-200W) with an 
average subcooling of  2-10°C. The pre heater permits to the fluid to rise just below its saturation 
temperature. Then, the fluid enters the channel where the test sections are located and the bubble 
delivers enough power to initiate the bubble nucleation. The establishment of the boundary layer is 
needed to study bubbles, that is why the bubble generator is located at 455 mm from the channel inlet. 
At the outlet of the channel, the Peltier cooler permits to cool the liquid 10°C below its saturation 
temperature. So, we can conclude that, the temperature at the pump inlet should be Tsat-10°C. 
 
The pressure loop can be set from initial pressure P to P+1 atm. If we consider that P=1atm and 
P+1=2atm, the corresponding saturation temperatures for the HFE-7000 are respectively 34°C and 
56°C. But, there are important variations of temperatures and pressures, so it is necessary to 
compensate the pressure variations of the HFE-7000 in the hydraulic circuit. We may do it thanks to 
a bellow (B). Several valves are set all along the circuit to control the pressure. V1 is a security valve 
just after the pump. V2 & V4 permit to do operations on the channel by separating it of the whole 
hydraulic system. V3 is used to drain the HFE circuit thanks to gravity. V6 permits to drain gas from 
the circuit whereas V5 permits to balance the pressure inside the tank with the atmospheric one. V7 
& V8 are here to control the pressure in the air circuit. V9 is a security valve and V10 permits to fill 
the circuit. Another valve is used to change the flow precisely (MFV). 
 
(Figure 2.3.4 : Paraemters of HFE at stationary condition) 
Bubble generator: In order to generate bubbles at a predetermined location, a vapor bubble generator 
was developed. The base of the bubble generator is a thin substrate of glass (5mm height) or sapphire 
(3mm height) in which a cavity is etched of mouth size around 20 μm diameter and 50 µm depth. A 
ITO resistor with effective dimensions of 1x1mm² or 5x5mm² is deposited by chemical vapor 
deposition. The thickness of the resistor is 100 nm and its resistance is 15 Ω. By applying an electric 
current over the resistor, the resistor will act as a local heater through Joule heating. When the liquid 
flow at saturation conditions passes by the bubble generator, vapor bubble nucleation can be initiated 
on the ITO layer by applying an electric current. The electric current is directed to the ITO resistor by 
silver leads. The thickness of the silver leads is 20 µm and have a negligible resistance compared to 
the ITO resistor (Figure 2.3.5) 
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 (Figure 2.3.5 a: Bubble generator sketch)                                                                      (Figure 2.2.5 b: particular of  ITO resistor 1x1mm2) 
Pre heater: It uses 200W maximum, but it won't be necessary to use that much power. Let's remember 
that we just have to increase the fluid temperature of ~10°C. The heating zone will be around 500 
mm. Four K types thermocouples are placed every 100mm in the pre heater. We have: Φext=20mm 
& Lt=600 mm. A first thermal fuse is set on the pre heater. It will stop it if the temperature exceeds 
70°C. Another thermal fuse is used and fixed at 80° in case of failure of the first one. If the pressure 
is over 2.5 bar, an over pressure interlocks for safety. 
 
 
(Figure 2.2.6. : Pre-Heater) 
Cold plate: The cold plate is a heat exchanger which is used to evacuate heat through the Peltier 
modules. It is a flat plate, high performance heat exchanger because of its internal geometry: the fluid 
circulates in a very flat section with very small fins which increase the turbulence in the flow. Two 
thermocouples are set on the cold plate. An alarm is put on LabVIEW when temperature exceed 45°C. 
The power of the Peltier cooler will be limited too. If the pressure is over 2.5 bar, an over pressure 
interlocks for safety. 
 




Tank and bellows:  
     
 
System 2: Conditioning section 
 
 
Figure 2.2.8: Functional diagram of the conditioning system 
 
The conditioning section aims to impose given temperature and pressure at certain locations in the 
hydraulic section. It is composed of a thermal part and a pressure part.  The thermal part includes 
bubble generators and heaters.  
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In this experiment, the control of the system is done with two PID regulators. They will permit to the 
experimenter to adjust parameters depending on experience conveniences. There is one PID for the 
pre heater and another for the Peltier modules. 
The pre heater is powered at 220 V AC. It heats liquid circulating the hydraulic circuit to the saturation 
temperature Tsat of HFE-7000 (Tsat=34°C at 1 bar, 56°C at 2 bar) by power of 0-200W. Heater is 
regulated by analogue PID controller. For Heating, the temperature of circulating liquid measured by 
the thermocouple T0 (Maximum allowable temperature values are set in PID’s program at 60°C for 
the Heater.). This temperature is also monitored and recorded in the computer PC. For operation 
security, a program running on PC passes a command to the controllers for turning off the Heater in 
the case of the over-temperature at the locations of T4H. The temperature values of the turning-off 
are set 60°C for T4H. Temperature fuses (value 70°C and 80°C) are also used for operation security 
(two fuses). They are installed on the heating tapes and break the electric circuit of Heating in the 
case of overheating. 
The bubble generators function is to generate isolated vapor bubbles with power less than 2.5 W (in 
other words, electric tension and current less than 6 V and 0.4 A). The bubble generators are coupled 
with an anemometer-like electric circuit so that the temperature of their resistances is kept constant. 
Electric current in the resistances is measured by the anemometer and recorded in PC.  
 
There is also a manual control of a bike pump which is useful to compensate the high variations of 





System 3: Measurement section 
 




The measurement section includes equipment for optical measurement (two high speed cameras and 
lighting equipment (two backlights)) and his passive sensor, sensors for pressure, temperature (K & 
Pt100 type), acceleration and flow rate measurements and personal computers. We have ten 
temperature sensors and three pressure sensors: 
-There are four temperature sensors at the Preheater, one at the outlet (T4H), one at the inlet (T1H) 
and two inside it (T2H, T3H) which directly measure the fluid temperature. 
-There are two temperature sensors at the inlet of the channel which measure T0. One is used for PID 
feedback and has to be more precise (Pt100) and the second one is a temperature indicator for the 
experimenter. 
-There are two sensors after the bubble generator: An absolute sensor (P1) and a K model 
thermocouple (T1). 
-There are one pressure sensor and two K thermocouples at the inlet of the gear pump to monitor the 
cavitation effect (T3, P3) and also a K model thermocouple at the inlet of the Peltier coolers (T2). 
-A differential pressure sensor is located at the bellows (ΔP). 
-A Coriolis flowmeter (see Figure 2.2.10) is adopted to measure the mass flow rate of liquid 
circulation in the main hydraulic circuit. The Coriolis flowmeter measures twisting motion of the U-
shaped tube integrated in it through which the whole flow passes and gives reliable values of mass 
flow rate independently of the gravity field.  
-High speed cameras is secured to the channel to avoid  vibrations. A passive sensor is used for further 
post processing treatment. One mirrors is used in order to see the triple line during the bubble growth. 
Backlights are LED plate.  
-An accelerometer is also be used to know the acceleration all along the experiment. 
 
Inverter and PID controller are located on the front in an aluminum plate. 
Output signals of all the sensors are transferred to the laptop computer via a data acquisition system 
of National Instruments (Ref. # NI PCI-6289) which has 32 analogue inputs to transfer corresponding 
digital signals to a computer installed on rack 2. 
 























System 4: Power supply section 
 
 
Figure 2.2.11. Power supply 
 
The experiment uses one 220V AC power supply system. It is used to supply high speed cameras, 
backlights, the data acquisition system, the gear pump, the bubble generator (via an anemometer), the 
computer & the laptop. There is also a 24V DC power supply which feeds absolute pressure sensors, 




System 5: Sealing 
 
      Two sealed spaces are prepared for installation of System 1 (see Figure 2.2.12, 2.2.13). The first 
sealed space is realized by assembling all the components of the hydraulic circuit and the second by 
putting Lexan in the side faces and on the top face. Screws are used to fix the Lexan plates to the 
profiles and adhesive strip is used to assure the sealing between the Lexan and the BOSCH profile. 
Assembly of the aluminum plates with the base plate is made similarly but the sealing is completed 
by using silicon paste at the edges of the profiles. Sealing at openings on the walls for passing electric 
cables as well as flexible tubes of liquid and gas is realized by cable glands. The sealed spaces can be 
opened if there are any problems during the experiment (cameras adjustment … ) . 2 Lexan doors are 


































































Parabolic Flight are performed onboard aircraft (A-310) following a flight pattern which alternates 
ascents and descents with short level flight breaks. Each of those maneuvers, called parabolas, provide 
up to 22 second of reduced gravity phases and, during ascent part, 20 seconds of macro-g (see Figure 
2.2.14) all for 31 times per each flight. 
 
(Figure 2.2.14: Aircraft Flight) 
 
  2.3. MATLAB analysis method 
 
The image of the bubble (see Figure 2.3.5) has been analyzed with a dedicated  MATLAB image 
processing program to extrapolate the usefull geometric data; before the extrapolation of the data the 
software “cleans” the image in several steps: 
 Possible subtraction of the background and filling of the holes (see Figure 2.1.6); 
 In case of non axial-symmetry splitting of the image in two different images; 
 Digitization of the image (see Figure 2.3.7); 
 Cleaning of the small defects; 
 Cutting the image at proper size to follow the bubble is object of interest (see Figure 2.1.8); 




      
(Figure 2.3.5)                                                     (Figure 2.3.6)                                         (Figure 2.3.7) 
   
(Figure 2.3.8)                                                     (Figure2.3.9) 
 
Main involved geometric characteristics 
 
Many geometrical parameters are obtained by the toolbox REGIONPROPS in particular: 
 The Centre of Mass of the section; 
 The Extremities of the profile; 
 The coordinates of the Contact Line 
 Volume and Diameter used to compare with volume and diameter calculated by interpolation; 
Some other important parameter like curvature and incidence angles have been evaluated with 
appropriate interpolation methods of the profile. In particular, for what concerns the curvature at the 
top of the bubble, the highest points are considered and a 2nd order polynomial fitting is performed 
(see Figure 2.3.10). In case of inclined bubble before the interpolation, the image is rotated to consider 
the curvature at bubble top (see Figure 2.3.11). When the electric field was applied, instead, bubble 
top turned to be the farthest point in the direction perpendicular to the surface: This because electric 
field creates a pressure contribution inside the bubble, which does not follow the gravity field, but the 
gradient of the electric potential. The polynomial fitting of contact angles was performed choosing 
the 25 lowest pixels (see Figure 2.3.11). In case of  axi-symmetric bubble the volume and surface 
calculation were performed by the use of Pappo-Guldino theorem for a rotation solid. In case of non 
axial-symmetry the volume and surface is determined considering the bubble as a stack of superposed 
ellipsodal disks or circumference, of 1 pixel height, whose axes are the bubble widths in the two 
images (see Figure 2.3.12). Once geometrical parameters of the bubble are known, it was also possible 




                         
(Figure 2.3.10: Curvature at top calculation)                              (Figure 2.3.11: Contact angle calculation) 
 




The two most relevant variables affecting errors in the image processing technique described above 
are: the pixel size and the threshold chosen to identify the contour of the bubble. Pixel size has been 
determined a priori from the image recording of an object of sharp edges and known size. In the case 
of injection experiment the error in the estimation of pixels and size of the objects are considered 
around 5% with a reference value of 115 pixel/mm. In the uncertainty evaluation, a value of 8% has 
been conservatively adopted in order to check the error induced by a difference of 10 pixel/mm. The 
threshold is a user-determined dimensionless parameter, discriminating black from white in a grey 
scale. It is necessary to detect the profile of an object in a grey scale image. The sharper is the contour 
of the image, the lower is the error induced by its choice. In the present study a nominal value of 0.8 
has been chosen and a variation of ±0.05 has been considered. Since these sources of uncertainty are 
independent and the error distributions can be assumed Gaussian, the total uncertainty for the quantity 











        (2.1) 
Uncertainty in the determination of linear parameters (i.e. bubble height) has been evaluated to be up 
to 8%, while volume uncertainty can rise to more than 20% for small bubbles. It is worth noting that 
the larger part of uncertainty is induced by the one in pixel size, and only a small amount is due to the 
threshold choice. One of the most relevant parameters in the present study is contact angle, whose 
uncertainty depends in a complex way by the above mentioned parameters. Therefore it has been 







(Figure 2.3.13: Uncertainty injection Bubble, Angle vs Dimensionless Volume) 
 
In the case of shear flow experiments a maximum error of ±5 pixel are considered with a reference 
value of 293 pixel/mm. Regarding the level a value of 0.8 was chosen and a maximum variation of 
±0,05. Uncertainty in the determination of linear parameters as bubble radius has been evaluated to 
be around 5%  (Figure 2.3.14); in this experiment it is noteworthy that the larger part of uncertainty 
it’s given by the threshold choice due to the resolution of the images. The contact angle, in the present 
experiment, it is calculated to be between 10 % of uncertainty and for small bubble it’s over that value 
(Figure 2.3.15 a, b) 
  
(Figure 2.3.14: Uncertainty Shear flow experiment of Radius vs. Dimensionless Time) 
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(Figure 2.3.15 a: Uncertainty Shear flow experiment Right Angle vs. Dimensionless Time)  
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Chapter 3 - Gas Bubbles Results 
 
Injection bubbles in inclined surface 
 
Once the geometrical parameters of the bubble were measured, it was possible to determine the forces 
acting on it and to check, the overall force balance on the inclined bubble. The overall force balance 
in vertical direction (inclinations 0 and 180°) has been already assessed and validated [18][13]. In the 
present work, different inclinations have been tested, with and without the electric contribution, the 
notation of right (𝛽𝑑𝑥) and left (𝛽𝑠𝑥) angles are referred to the Figure 1.2 (Chapter 1), moreover 
upwards and downwards agree with the coordinate axes in Figure 1.2. The overall force balances in 
the tangential and perpendicular direction with respect to the surface of 45°, 60°, 75° and 90° are 
shown comparing the behavior at the two opposite cases: 0kV (no electric field applied to the system) 
and 25kV. Once the force balance was verified in the absence of the electric field, the electric force 
has been calculated as the algebraic sum of the other forces. The abscissa in following figures reports 




  (3.1) 
For what concerns the x-components, as remarked in Table 1, pressure force is absent, so the 
equilibrium is achieved by the x-components, of gravity and capillary (surface tension) forces. In the 
absence of electric field (see Figure 3.1)   the resulting force balance stays for the most part below 0.2 
μN, but when the bubbles are near the detachment and start to slide the resultant becomes positive 
because the necking of the bubble foot makes it difficult to calculate the contact angle at the right side 
of the bubble and because the inertial force become significant. Since the force are smaller than 1 μN   
the relative error can grow up to 35 % (worst case calculated).             
 
   




(Figure 3.1 b: Force Balance, x direction 60° of tilting angle) 
 
 





(Figure 3.1 d: Force Balance, x direction 90° of tilting angle) 
 
 
After the application of the electric field (EF) (Figure 3.2), it seems that the electric force is pulling 
the bubble downwards, preventing the asymmetries in the bubble growth. It can be noted that the 
same behavior has been assessed also for the droplets immersed in an external electric field [13] 
 






(Figure 3.2 b: Force balance, x direction 60° of tilting, with 25 kV) 
 







(Figure 3.2 d: Force balance, x direction 90° of tilting, with 25 kV) 
 
Concerning the vertical direction, the case without electric field (Figure 3.3) reveals a lower error 
with respect to the balance in tangential direction around the 30 % in the worst case. 
 
 















(Figure 3.3 a: Force Balance, y direction, 90° of tilting, no EF) 
 
Along the vertical direction, the electric contribution results to pull the bubbles away from the orifice. 
The lift component increases with the tilting angle (Figure 3.4) 
 
 






(Figure 4.4 b: Force Balance, y direction, 60° of tilting, with 25 kV) 
 
 





(Figure 3.4 d: Force Balance, y direction, 90° of tilting, with 25 kV) 
 
 
The contact angle seems not be altered substantially by the application of the electric field until a 
certain volume value, as can be noticed comparing the history of the contact angle for 0 kV and 25 
kV cases at the same tilting condition ( Figure 3.5). This results has also been found in normal gravity 
and for 180° of tilting (surface facing downwards) in [18]; even with the change of the inclination the 
contact angle, after certain value of the volume, seems be altered but not so substantially as the cases 
of electric field (Figure 3.6). Despite that the increase induced in the attaching capillary force are 
sufficient to contrast the action of the y-component of the electric field 
 
















(Figure 3.6: Contact Angle, 45°, 60°, 75°, 90° of tilting) 
 
The motion of the center of mass of the bubble agrees with the presented force balance. As shown in 
Figure 3.7, the electric field for the inclination until 75° pulls the bubbles from the orifice towards the 
electrode and then, close to detachment and after, it pushes the bubble towards the surface; on the 
contrary for the inclination of 90° the electric field pulls the bubble away from the surface according 
the positive resultant of the electric force 
 
 










(Figure 3.7 c: Motion of the center of mass in function of the applied voltage, 75° tilting) 
 
For the power balance, the same procedure has been adopted, validating the model first for the bubbles 
(Figure 3.8) in the absence and then determining by difference the contribution of the electric field. 
Without the electric field, the power spent in the gravitational term is very low compared to the other 














(Figure 3.8 a: Power balance 90 ° of tilting, no EF) 
 
 
In the case of applied electric field, an interesting phenomenon can be noticed: in the case of bubbles, 
differently from droplets, the gravitational term in the power balance is positive (Figure 3.9). It means 
that the inlet power doesn’t have provide energy to lift the center of gravity. The interest of this 
behavior lies in the fact that for the bubbles when the electric field is applied, the contribution of the 
electric energy is positive, like the gravitational one. This is consistent with the fact that the creation 
of a cavity (with lower dielectric permittivity) causes a reduction of electrostatic energy in the domain. 
The energy recovered from gravitational and electric terms is used to create the bubble interface. It is 
assumed that the pool is so large that no sensible raise of the liquid level takes place. 
 






(Figure 3.9 a: Power balance, 90° of tilting, with 25 kV of EF) 
 
Finally, the plot of the detachment diameter versus the tilting angle, in the presence of electric filed 
or less, summarizes all the effect presented (Figure 3.10). As can be noticed, the detachment diameter 
decreases with increasing tilting angle, but it increases in the presence of electric field. Maybe because 
the electric field is contributing in a negative sense to the tangential-x force balance, thus reducing 
the effects of the shear component of gravity, in fact at the maximum tilting angle, where the gravity 















Injection Bubbles in Micro-G 
 
For what concern the bubbles in Micro-G a comparison at the flowrate of 20 mm3/s in the cases of 0 
kV and 20 kV is shown. Also in this case, the force balance was first verified without the electric field 
and after that the contribution of the electric force has been obtained as algebraic sum of the other 
forces. Furthermore an evolution of the behavior of the bubbles is presented during the pull-up phase 
of parabola, where the gravity acceleration gradually decrease from 1 to 0 g in about 5s. In absence 
of electric field the radial balance (see Figure 3.11) the resulting force balance stays always in the 
negative part, around 50μN, which outlines the prevalence of the capillary force on the pressure force. 
Two reasons have been identified as the most significant in the unbalance of the force: the vibration 
of the plane and the resolution of the bubble foot. 
 
(Figure 3.11: Force Balance, x direction, no EF, zero g) 
 
After the application of the electric field (see Figure 3.12) it can be noted that the electric force in 
radial direction is negative. In other words the electric field exerts a radial force that tends to shrink 
the bubble in radial direction, elongating it. Moreover this behavior of the electric force causes the 
pitching of the bubble foot helping the detachment of the bubbles. It also pushes the top of the bubble 





(Figure 3.12: Force Balance, x direction, 20 kV EF) 
 




(Figure 3.13: Force Balance, y direction, no EF, zero g) 
 
Concerning the application of the electric field (see Figure 3.14) the electric force is directed towards 
the surface and pushed the bubble downwards. Despite this action of the EF the detachment are eased, 
in fact the electric force along the tangential direction, that tends to “shrink” the bubble and help the 
detachment, are one order of magnitude greater than the electric force along the vertical direction. It 







(Figure 3.14: Force Balance, y direction, 20 kV EF) 
 
A comparison of the bubbles shape in microgravity with and without the application of the electric 
field is shown in Figure 3.15 and it can be noted the “shrinking” behavior during the EF application 
 
            
 
(Figure 3.15 a: Bubble without EF in Micro-G)                                            (Figure 3.15 b: Bubble with 20 kV EF in Micro-G)   
 
 
As expected in the power balance (see Figure 3.16) without the electric field the inlet power are all 




(Figure 3.16: Power Balance without Electric Field) 
 
Even in this case the contribution of the electric field has been calculated by algebraic sum (see Figure 
3.17). 
In the figure it can be noted the positive value of the electric power that means a further contribution 
to the surface growth: perhaps this could be connected with the heat transfer coefficient increase in 




(Figure 3.17: Power Balance with 20 kV of EF) 
 
Likewise the experiment on the inclined surface in normal gravity condition, the application of the 
electric field increases the bubble volume but regularize and eases the detachment (see Figure 3.18) 
as shown during the gravity transition phase, passing from macro-g to micro-g. It should be noted that 
for gravity acceleration less than 0.1 g no regular detachment took place. Detachment in these 










(Figure 3.18 b: Volume Growth at 20 kV during transition phase) 
 
If 𝐷0 is the detachment diameter at earth gravity (𝑔0) the following relation (Straub, 2001) was found 








    (45) 
Where 𝑚 is an empirical coefficient that is  𝑚 = 0.5 for the case of saturated and slightly subcooled 
water on a flat surface with a single nucleation site, moreover the best fit for this set of bubbles is 
obtained with  𝑚 = 0.35  (Figure 3.19 a, b) (in agreement with the empirical fit proposed in 2013 by 
Di Bari and T.Robinson for gas bubbles). This is consistent with a model of detachment process in 
which the contact line is pinned to the orifice rim and the base area of the bubble does not change 





(Figure 3.19 a: Detachment diameter vs gravity acceleration) 
 
































































Chapter 4 - Vapor Bubbles in Shear Flow 
 
Detachment in Flow Boiling  
 
As in the case of injection bubbles, after the determination of the geometrical parameters it was possible calculate 
the forces acting on the bubbles in shear flow. In the present work different flow velocity and subcooling grade 
are collected in normal gravity conditions and in micro-g conditions. Afterwards a comparison has be done 
between the cases on ground and on micro-g that have similar conditions of flow velocity and subcooling. The 
overall force balances in the tangential and perpendicular direction with respect to the flow velocity and 
subcooling temperature of 0.033 m/s and 7.02°C, 0.047 m/s and 7.46°C, 0.073 m/s and 9.19°C for the ground 
conditions and the flow velocity and subbcooling temperature of 0.034 m/s and 7.2°C, 0.049 m/s and 8.16°C, 
0.067 m/s and 9.76°C for the micro-g conditions are shown in the following. In the worst case, the resulting 
residual force stays for the most part below 0,08 𝜇𝑁 (and it can be considered a good result). For what concern 
the x-component the equilibrium is achieved by the capillary force (surface tension) and drag force (Figure 4.1 
a, b, c). The drag force in the ground case and in the micro-g are comparable. Though in normal gravity the drag 
is a little bit lower because the dipendence of the drag force on the bubble radius.  
 






(Figure 4.1 b: Force balance, x direction in Micro-G & Normal Gravity, Flow Velocity 0.05m/s) 
 
 
(Figure 4.1 c: Force balance, x direction in Micro-G & Normal Gravity, Flow Velocity 0,07 m/s) 
 
In the last case (Figure 4.1 c) the drag force in ground configuration is higher than in micro-g because 
the the fluid velocity is quite higher in normal gravity and the radii of the bubble are similar. Even 
the capillary force follow the same behavior of the drag force, in fact the foot of the bubble in micro-
g is larger than in ground case except in the last case where the foot radii of the bubble are similar but 
the fluid velocity are different. In the figures (Figure 4.2 a, b, c) above the trends of the bubble radius 
and foot radius in ground and micro-g configurations are reported: they agree with the force balances. 
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It can be noted that  the increase of the fluid velocity corresponds to a decrease of the influence of the 
gravity and a decrease of bubble radius. Which becomes similar in normal gravity and micro-g. In 
other words, as the fluid velocity increases, the bubble foot grows up and becomes equal in normal-g 
and micro-g.  
 
(Figure 4.2 a: Bubble Growth & Radius Foot, fluid velocity 0,03 m/s) 
 
 






(Figure 4.2 c: Bubble Growth & Radius Foot, fluid velocity 0,07 m/s) 
 
In the gorund configuration the resulting residual force (labelled as total force in the figures)  along 
vertical directionstays below 0,6 𝜇𝑁 in the worst case (Figure 4.3 a, b, c) 
 




(Figure 4.3 b: Force balance, y direction in Micro-G & Normal Gravity, Flow Velocity 0,05m/s) 
 
 
(Figure 4.3 c: Force balance, y direction in Micro-G & Normal Gravity, Flow Velocity 0,07 m/s) 
It can be noted that the lift force and the shear induced lift force are negligible respect to pressure 
force and capillary force, so the principal contribution to the detachment of the bubble is the drag 
force along the tangential direction. In micro-g  the increasing of the fluid velocity decreases the 
pressure force; this behavior can be explained with the dipendence of the pressure force from the 
bubble top radius. That decrease with decreasing of  bubble size ( see Figure 4.2 a, b,c). 
The contact angle seems not be substantially altered increasing the fluid velocity until certain flow 
rate value, as can be noticed comparing the history of the angle at different fluid velocity respectively 




(Figure 4.4: Contact angle at different velocity in ground configuration) 
 
(Figure 4.5: Contact angle at different velocity in Micro-G configuration) 
As it shown  the left contact angle and right contact angle are similar. Maybe because the bubbles 
volume are too small to make them consistently inclined. It can be noted  (Figure 4.6 a, b, c ) that 
contact angle at  similar fluid velocity in micro-g configuration and in normal gravity configuration 




(Figure 4.6 a: Contact angles in Micro-G and normal G at 0.03 m/s) 
 
 





(Figure 4.6 c: Contact angles in Micro-G and normal G at 0.07 m/s) 
 
At last, the figures of the detachment diameter in function of flow rate and subcooling temperature 
summarize all the effect presented (Figure 4.7, Figure 4.8).  
 





(Figure 4.8: Detachment Diameter vs. Subcooling Temperature) 
 
As can be noticed the detachment diameter decrease with increasing of the flow rate and with the 
increasing of the subcooling temperature, it is shown also at higher fluid velocity the detachment 
diameter becomes comparable. That means the attenuation of the importance of the gravity influence 
for the bubbles in shear flow as mentioned previously.   
Comparing the main geometrical properties calculated with the method presented in the Chapter 2 
with the geometrical property calculated in a different way by Michel Lebon in IMFT (Institute de 
Mécanique des Fluides de Toulouse, Doctorate Thesis) it can be seen that the values of the contact 
angles in Micro-G and on ground are very similar (Figure 4.9 a, b), (Figure 4.10 a, b). The main 




(Figure 4.9 a: IMFT Contact Angle 0.03 m/s) 
 









(Figure 4.10 b: Contact Angle used in the present work at 0.05 m/s) 
 
 
Furthermore the same consistency can be noted for the plot of  bubble radius and of the bubble foot, 




(Figure 4.11 a: IMFT Bubble Growth & Radius Foot at 0.03 m/s) 
 




(Figure 4.12 a: IMFT Bubble Growth & Radius Foot at 0.05 m/s) 
 
(Firgure 4.12 b: Bubble Growth & Radius Foot used in the present work at 0.05 m/s) 
In conclusion with the support of indipendent  IMFT work it can be deduced that the correct 








Chapter 5 – Conclusion 
 
Injection Bubble in Inclined Surface 
 
Bubbling of nitrogen immersed in FC-72 at different tilting angle and different applied external 
electric potential has been studied experimentally to determine how the tangential forces affect the 
shape and the behavior of a single bubble, in order to understand the effect of electric field application 
to the flow boiling. It has been found that the EF does not effect the contact angle of the bubble until 
a certain value of the volume, but the resulting perpendicular force pulles the bubble away from the 
orifice during the growth and after the detachment it pushes the bubble against the surface (Figure 
3.7). In this way the bubbles are forced to slide along the surface breaking the sub-laminar layer, 
which may significantly increase the boiling heat transfer coefficient. Power balance reveals an 
increase to compensate the negative electric contribution, thus promoting heat and mass transfer 
across the interface. A possible drawback of the application of the electric field is the increase of the 
departure diameter, due to the opposition of electrc field to the shear force. In any case, the maximum 
increase was found very small for the all considered tilting angle ( 7.4 % maximum) and it decreases 
with increasing tilting angle. 
Injection Bubbles in Micro-G 
 
Gas bubbles detachment from an orifice has been studied in parabolic flight at different external 
electric potential, exploiting also the relatively long transition phases from macro to micro-g, so as to 
understand the effect of the electric force on the bubbles shape and detachment. It has been found that 
the electric field can be used to drive the bubbles departure from the surface (more generally phase 
separation, enhancement of boiling and condensation), in particular as a replacement of buoyancy 
force. It should be said that the EF is weakly effective in reducing bubble detachment diameter, 
however it makes the departure of the bubbles more regular. The power balance reveals the 
application of EF contributes to a further surface growth and as in the case of the inclined surface this 
behavior promotes heat and mass transfer across the interface. The possible development of these 
experiments is the application in RUBI experiment to study the application of the EF in flow boiling.  
Flow Boiling 
 
Bubble growth and detachment in a viscous shear flow at different fluid (HFE7000) velocity at low 
Reynolds number and different subcooling temperature has been experimentally studied in RUBI 
apparatus on ground and micro-g setup. Time evolutions of bubble growth has been used to evaluate 
the different forces acting on the bubbles. The force balance shows that in y-direction the vertical 
component of drag force and the lift force are negligible compared to pressure and capillary forces; 
instead in tangential direction the drag force plays an important role in the bubble detachment. It has 
been found that  increasing the fluid velocity the detachment diameter in ground configuration and 
micro-g are similar (something similar to the case of the injection bubbles in inclined surface where 
at high tilting angle the detachment diameter with and without EF are similar). The shear force affect 
weakly the contact angle , there is only an increase in normal gravity in the highest velicity 
configuration, in addition the shear force helps to make comparable the micro-g contact angle with 
the normal gravity contact angle. The possible development of this specific activity could be the 
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evaluation of the power balance (at present there wasn’t enough time to do it) and the consideration 
















a Laplace length (m) 
A gas-liquid interface area (m2) 
Do orifice diameter (m) 
E, E electric field intensity (V/m) 
F, F force (N) 
fe electric stress at the interface (N/m2) 
g, g gravity acceleration (m/s2) 
H bubble height (m) 
k unit vector, vertical axis 
K surface curvature (1/m) 
m” mass velocity (kg/s m2) 
n normal unit vector 
p pressure (Pa) 
p0 pressure at the bubble top (Pa) 
r  radial coordinate (m) 
Ri curvature radii (0 = at bubble apex) (m) 
S orifice cross-sectional area (m2) 
t tangent unit vector 
tik generic stress tensor component (Pa) 
T stress tensor (Pa) 
V bubble volume (m3) 
VT  Tate’s volume, Eq.(30) (m3) 
v velocity (m/s) 
y vertical coordinate (m) 
𝜀0 vacuum dielectric permittivity (F/m) 
𝜀𝑅 relative dielectric permittivity 
𝜗 incidence angle (rad) 
𝜌 density (kg/m3) 
𝜎 surface tension (N/m) 











𝜎 surface tension 
t tangential 
v viscous 
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